Considerable attention has been paid to oxides containing transition metal elements for 9 10 11 the last several decades from a point of view of their unique electronic structures and curious 12 13 physical properties including electrical conduction, dielecric properties, magnetism, and optical 14 15
properties. Among many sorts of oxide, those having perovskite and its related structures, in 16 17 18 particular, exhibit intriguing electrical and magnetic properties. One of the prototypes of 19 20
properties the oxides with perovskite structure manifest is ferroelectricity. structures. SrTiO 3 also crystallizes in a perovskite structure and becomes a superconductor 38 39 40 when oxygen vacancy is introduced or dopants such as La 3+ and Nb 5+ are incorporated although 41 42 its critical temperature is rather low; T c =0.1 to 0.7 K depending on the concentration of defect or 43 dopant. [1] [2] [3] [4] For SrTiO 3 , recent study has revealed that two-dimensional electron gas is 1 2 3 4 5 6
As for magnetic properties of oxides with perovskite structure, compounds containing 7 8 transition metal ion with mixed valence state, such as (La,Sr)MnO 3 and (La,Sr)CoO 3 , show 9 10 11 ferromagnetism at room temperature owing to the double exchange interaction between 12 13 transition metal ions. These oxides are fairly rare examples of ferromagnetic oxides; most of 14 15 the oxides are rather antiferromagnetic or ferrimagnetic below their magnetic transition 16 17 18 temperature. Because the ferromagnetism observed in these oxides is closely associated with 19 20 the conduction of charged carriers, the oxides, in particular manganese oxide-based compounds, 21 22 23
have arrested a great deal of attention from a point of view of application to spintronics. 24 25
Indeed, for the compounds such as (La,Ca)MnO3, (La,Sr)MnO3, (La,Ba)MnO3, and 26 27 28 (Pr,Ca)MnO 3 , giant magnetoresistance (GMR) or colossal magnetoresistance (CMR) has been 29 30 observed. [7] [8] [9] [10] [11] [12] Furthermore, some of the oxides with perovskite-related structure are regarded as 31 32 multiferroics, in which magnetically and dielectrically ordered states such as ferromagnetism 33 34 35
and ferroelectricity coexist because of strong coupling between spin and phonon mode in the 36 37 materials. 13, 14 For instance, BiMnO 3 , which has a strained perovskite structure, shows 38 39 40 ferromagnetic-paramagnetic phase transition at 105 K and at the same time, manifests 41 42 ferroelectric-paraelectric transition at 750 to 770 K. EuTiO 3 is antiferromagnetic and quantum paraelectric at low temperatures as described above.
In their calculations, the biaxial compressive strain is introduced in the surface of thin film while the lattice volume is kept constant, so that the lattice is elongated in a direction perpendicular to the film surface. Ranjan et al. 25 performed theoretical calculations based on LDA (local density approximation) + U approach and found that ferromagnetic state becomes films, X-ray reciprocal space mappings were obtained by using a four-circle XRD apparatus. 24 25
High-resolution transmission electron microscopy (HRTEM), selected area electron diffraction 26 27 28 (SAED), and X-ray absorption spectroscopy were also performed for the amorphous thin films.
30
The extended X-ray absorption fine structure (EXAFS) spectra were obtained for Eu L 3 -edge to 31 32 examine the local structure of Eu ion in the amorphous thin films. Details of the procedure of 33 34 35 measurement and analysis of EXAFS were described elsewhere. fact indicates that the lattice of the EuTiO 3 thin film is elongated in a direction perpendicular to the surface of the thin film and slightly shrinks in a direction parallel to the surface. In this case, the lattice of EuTiO 3 thin film is elongated by +1.89 % in a direction perpendicular to the surface and shrinks by -0.3 % in the plane parallel to the surface, respectively. Therefore, the change in lattice volume from the bulk EuTiO 3 is evaluated to be +1.56 %. Similar estimation thin film deposited on LaAlO 3 substrate (see Table 2 ). Moreover, such elongation of lattice in the out-of-plane direction of EuTiO 3 thin film takes place even for the DyScO 3 substrate whose lattice constant is larger than that of bulk EuTiO 3 , as shown in 
is assumed, the energy of spin system is expressed by 32
(1) 33 34 35 36 and 37
38 glass substrate by using the PLD method. According to the RBS measurements, the molar ratio of Eu to Ti is estimated to be 1.00:1.00 and 2.00:1.06 for thin films prepared from the target materials with EuTiO 3 and Eu 2 TiO 4 compositions, respectively; the molar raito for the thin films is almost identical to that for the target materials. Figure 7 shows 8. K. Chahara, T. Ohno, M. Kasai, and Y. Kozono: Magnetoresistance in magnetic manganese oxide with intrinsic antiferromagnetic spin structure. Appl. Phys. Lett. 63, 1990 Lett. 63, (1993 .
Journal of Materials Research
Page 24 of 48 
